Increases in glucose concentration cause the stimulation of insulin release by enhancing ATP synthesis (1) and closing ATP-sensitive K ϩ (K ATP ) 1 channels (2) . Subsequent depolarization of the plasma membrane (3) , and the opening of voltage sensitive (L-type) Ca 2ϩ channels (4), causes insulin-containing vesicles to fuse at the plasma membrane (5) . In addition, K ATP channel-independent "amplifying" effects may also contribute to the stimulation of release independently of changes in intracellular [Ca 2ϩ ] (6). The latter effects, which may involve increases in intracellular ATP:ADP ratio (7), or the recruitment of vesicles from a reserve to a readily releasable pool (8) , may underlie the second, or sustained, phase of glucose-stimulated insulin secretion (9 -12) .
We have recently reported that inhibition of 5Ј-AMP-activated protein kinase (AMPK) plays a role in the acute stimulation of insulin secretion by glucose (13, 14) . AMPK is a heterotrimeric serine/threonine protein kinase (15) , activity of which is increased in cells as the intracellular ratio of ATP: ADP falls, and AMP concentrations increase (16, 17) . AMP activates the enzyme both allosterically, by binding to the regulatory ␥-subunits, as well as by promoting phosphorylation of the catalytic ␣-subunit at Thr-172 (14, 18) . In extra-pancreatic tissues, active AMPK phosphorylates and inactivates a number of metabolic enzymes (19) , resulting in a reduction in cellular ATP consumption by biosynthetic pathways (20) during metabolic stress (21, 22) . In addition, in pancreatic islet ␤-cells, activation of AMPK at low glucose concentrations (17, 23) contributes to the inhibition of glucose metabolism and hence insulin secretion (13, 14, 17) . Moreover, expression of a constitutively active form of AMPK (T172D; AMPK CA) (24) inhibits glucose-induced mitochondrial ATP synthesis, insulin secretion, and Ca 2ϩ influx (13) . By contrast, expression of a dominant-negative form of AMPK (D157A; AMPK DN) (24) stimulated the release of insulin at low glucose concentrations by a Ca 2ϩ -independent mechanism (23) . At present, a detailed description of the effects of AMPK CA on the recruitment, docking, priming, and fusion of insulincontaining vesicles is lacking. We have recently developed approaches to visualize insulin vesicle dynamics (25) (26) (27) and exocytosis (28, 29) using vesicle-targeted forms of enhanced green fluorescent protein (EGFP). In particular, the use of total internal reflection fluorescence microscopy (TIRF; also called evanescent wave microscopy), which allows fluorescence excitation within a closely restricted domain close to the plasma membrane (within 70 nm) (30 -32) , has permitted us to image single insulin vesicles carrying a pH-insensitive yellow fluorescent protein (Venus) (33) , fused with neuropeptide Y (28, 29, 34, 35) . Using TIRF, as well as conventional confocal micros-copy, we examine here the effect of forced changes in AMPK activity on the motion of single insulin vesicles during physiological stimulation. Our results indicate that AMPK CA inhibits both basal and glucose-stimulated insulin vesicle movement and recruitment, and markedly decreases the number of exocytotic events, but does not affect the kinetics of vesicle docking or fusion. Importantly, the effects of active AMPK CA on vesicle movement were also observed in permeabilized cells, in which ATP and Ca 2ϩ concentrations were clamped, demonstrating an effect of AMPK that is independent of the actions of the activated enzyme on glucose metabolism (13) . Together, these data suggest that AMPK-mediated phosphorylation of components of the vesicle translocation machinery may help to block the recruitment of dense core secretory vesicles to the plasma membrane at low glucose concentrations.
EXPERIMENTAL PROCEDURES
Materials-Dulbecco's modified Eagle's medium (DMEM) and 5-amino-4-imidazole carboxamide riboside (AICAR) were obtained from Sigma (Poole, Dorset, United Kingdom (UK)). LipofectAMINE 2000 was obtained from Invitrogen (Paisley, UK). Mouse monoclonal antibodies against tubulin and against c-myc were obtained from Sigma. Alexa Fluor 568 goat anti-mouse IgG and Alexa Fluor 568-phalloidin were from Molecular Probes (Eugene, OR).
Plasmids-Plasmids encoding c-myc-tagged forms of dominant-negative acting AMPK␣1 (D157A; pcDNA3.AMPK DN) (24) (37) was digested using BamHI/EcoRI. The fragment encoding mRFP was subcloned into pcDNA3.1(ϩ) (Invitrogen). pcDNA3.1(ϩ)-mRFP was digested using BamHI/NotI, and cDNA encoding an in-frame fusion construct between NPY and mRFP was generated by replacement of the BamHI/NotI fragment of pVenus-N1-NPY. Correct orientation and sequence of inserts were confirmed by automated DNA sequencing.
MIN6 Cell Culture-MIN6 ␤ cells (38) were used between passages 19 and 30 and grown in DMEM containing 15% (v/v) heat-inactivated fetal calf serum (Invitrogen), 25 mM glucose, 5.4 mM KCl, 2 mM glutamine, 50 M ␤-mercaptoethanol, 100 IU ml Ϫ1 penicillin, and 100 mg ml Ϫ1 streptomycin. Cells were cultured in a humidified atmosphere at 37°C with 5% CO 2 .
Total Internal Reflection Fluorescence (TIRF) Microscopy-For TIRF imaging, MIN6 cells were plated on to poly-L-lysine-coated high refractive index coverslips (n ϭ 1.78, Olympus). Cells were co-transfected with 1 g of pVenus-N1-NPY, and either 1 g of empty pcDNA3 (control vector, Invitrogen), pcDNA3.AMPK CA or pcDNA3.AMPK DN using LipofectAMINE 2000 TM according to the instructions from the manufacturer. Transfected cells were cultured in DMEM containing 25 mM glucose for 1 day, and then at 3 mM glucose for a further 16 h. Imaging was performed in modified Krebs-Ringer buffer (KRB: 125 mM NaCl, 3.5 mM KCl, 1.5 mM CaCl 2 , 0.5 mM NaH 2 PO 4 , 0.5 mM MgSO 4 , 3 mM glucose, 10 mM HEPES, 2 mM NaHCO 3 , pH 7.4), and equilibrated with O 2 /CO 2 (19:1) . Stimulation with KCl and glucose was achieved by perfusion of 50 mM KCl-containing KRB (NaCl was reduced to maintain the osmolarity) or 30 mM glucose-containing KRB.
To monitor exocytosis of NPY.Venus at the single vesicle level, we employed a TIRF microscope similar to that described previously (28, 29, 34, 35) with modifications as detailed in Ref. 39 . Briefly, a high numerical aperture objective lens (HR, Apochromatic, 100ϫ, numeric aperture ϭ 1.65, infinity corrected, Olympus Optical Co., Tokyo, Japan) (32, 40) was mounted on the nosepiece of a thermostatically controlled stage (37°C, MC-60, Linkam, Surrey, UK) equipped inverted microscope (IX70, Olympus). A liquid (Cargille Laboratories, Cedar Grove, NJ) of a high refractive index was used to couple the lens to a coverslip. The incident light for total internal reflection illumination was introduced from the high numerical aperture objective lens through a single mode optical fiber and two illumination lenses. To observe the NPY.Venus fluorescence image, we used a 488-nm laser (argon ion laser, 30 milliwatts, Spectra-Physics) for total internal fluorescence illumination and a long pass filter (515 nm) as an emission filter. The laser beam was passed through an electromagnetically driven shutter (Till Photonics). The shutter was opened synchronously with a cooled charge-coupled device camera (640X480 pixels, IMAGO, Till Photonics) controlled by TillvisilON software (Till Photonics). Images were acquired every 500 ms or otherwise as indicated. To analyze the data, single exocytotic events were manually selected and the average fluorescence intensity of individual vesicle regions was calculated.
Live Cell Confocal Imaging-To assess the movement of NPY.Venusexpressing vesicles, we employed a Nipkow disk confocal microscope (UltraVIEW TM Live Cell Confocal Imaging System, PerkinElmer Life Sciences). Before monitoring vesicle movement, the bottom of the cell was located by inspection in confocal mode. The focal plane was then moved up by 1.5 m using a piezo motor, which drove the objective lens and was controlled by the system software. During experiments, the focal plane was held at this level (see Fig. 3 , B and E). Images were acquired every 500 ms over 3 min.
Adenoviral Infection-For immunocytochemistry, we used adenoviruses expressing AMPK CA or AMPK DN (13) at a viral titer of 30 infectious particles/cell. Cells were incubated with adenoviruses in DMEM containing 25 mM glucose for 16 h, and then in DMEM containing 3 mM glucose for an additional 24 h in the absence of added virus. Viral expression was verified by monitoring the production of EGFP, encoded in the viral genome.
AMPK Assay-AMPK activity was measured by SAMS peptide assay, as described previously (13, 41) .
Immunocytochemistry-Cells were fixed with paraformaldehyde and permeabilized with Triton X-100 as described in detail elsewhere (13) , and observed on a Leica TCS-AOBS laser-scanning confocal microscope using a 63ϫ PL-Apo 1.4 numeric aperture oil immersion objective.
Insulin Secretion Assay-MIN6 cells, seeded in 6-well microtiter plates, were grown to 70 -80% confluence and infected with null, AMPK CA, or AMPK DN adenoviruses (13) . Culture was continued for 24 h in DMEM containing 25 mM glucose, and then at 3 mM glucose for another 16 h. Cells were then washed in phosphate-buffered saline and incubated in KRB medium and either 3 or 30 mM glucose. Incubations were performed for 20 min at 37°C in a water bath. Secreted and total insulin were measured by radioimmunoassay, as described previously (42) .
Vesicle Movement from Permeabilized Cells-To study the effect of various cytosolic ATP concentrations on vesicle movement, NPY.Venus and AMPK CA-or AMPK DN-expressing cells were permeabilized for 1 min at 37°C with 20 M digitonin in intracellular buffer (IB) containing 140 mM KCl, 10 mM NaCl, 1 mM KH 2 PO 4 , 2 mM sodium succinate, 20 mM Hepes, 1 mM CaCl 2 , 2 mM EGTA, 0 -5 mM MgATP, and 5.5 mM glucose, pH 7.05. Cells were perfused (1 ml/min) at different concentrations of MgATP (0 -5 mM) in IB solution. Vesicle movements were observed and analyzed by TIRF or confocal microscopy.
Insulin Secretion from Permeabilized Cells-To study the effect of cytosolic free Ca 2ϩ concentration on insulin or NPY.Venus release events, NPY.Venus and AMPK CA-or AMPK DN-expressing cells were permeabilized for 1 min at 37°C with 20 M digitonin in Ca 2ϩ free IB solution and then perfused with intracellular buffer: 140 mM KCl, 10 mM NaCl,1 mM KH 2 PO 4 , 2 mM sodium succinate, 20 mM Hepes, 2 mM EGTA, 5 mM MgATP, 1 mM cAMP, 2 mM MgSO 4 , 1 mM CaCl 2 , and 5.5 mM glucose, pH 7.05. The concentration of free Ca 2ϩ was calculated using Metlig software (43) and set to Ͻ 1 nM or 1 M by addition of CaCl 2 as required. NPY.Venus release events and insulin secretion were analyzed by TIRF microscopy and radioimmunoassay, respectively.
Tracking Single Vesicles-To quantify the mobility of vesicles beneath the plasma membrane, we measured their position using MetaMorph software (Universal Imaging Co., West Chester, PA). Movies of 30s duration were analyzed. The mean square displacement (MSD) of each vesicle in the plane of the membrane was calculated by the following formula. Images are taken at time intervals (␦t). The coordinates of the vesicle in one image are x(t) and y(t), and x(t ϩ n␦t) and y(t ϩ n␦t) are those in another image taken n␦t later. Thus, the square of the displacement during n␦t is [
For a given interval n␦t, the MSD (44 -47) is shown by Equation 1.
N is the total number of images in the recording sequence, n and j are positive integers with n ϭ 1, 2, . . . (N Ϫ 1).
The diffusion coefficients (D) were calculated from the plot of MSD against time interval.
The regression line was fitted through each plot of MSD against time, and s is the slope of the regression line.
Statistical Analysis-Data are given as means Ϯ S.E. of at least four individual experiments. Comparisons between means were performed using one-tailed Student's t test for paired data with SPSS TM software (SPSS Inc., Chicago, IL).
RESULTS

Glucose-induced Insulin and NPY.Venus Release Is
Inhibited by AMPK CA-Increasing the glucose concentration from Յ3.0 mM to Ͼ16 mM leads to the progressive inhibition of complexes containing either isoform of the catalytic subunit of AMPK (␣1 and ␣2) in clonal MIN6 ␤-cells (13, 23) (Fig. 1A) . AMPK CA is a constitutively active form of AMPK, which comprises the 312-amino acid catalytic domain common to both AMPK␣1 and AMPK␣2 (36) and in which the regulatory threonine residue is mutated to aspartate (T172D). Expression of AMPK CA using an adenoviral vector (13) leads to a substantial increase in total AMPK activity in cells incubated at elevated glucose (30 mM; data not shown) or 17 mM (Fig. 1A ), but increases AMPK activity more modestly (ϳ20%) at 3 mM glucose (Fig. 1A) . We have previously shown that the expression of AMPK CA inhibits glucose-stimulated insulin secretion in static incubations of MIN6 cells and islets (13) . To monitor the effect of AMPK CA on the dynamics of insulin release, we followed the accumulation of insulin in the medium above MIN6 cells incubated initially at 3 mM glucose (Fig. 1B) . Addition of 30 mM glucose to control (null virus-infected) cells caused a rapid increase in the concentration of insulin in the medium, which slowed with time, reflecting the initial and sustained phases of glucose-stimulated secretion from these cells (26) (Fig. 1B,  squares) . By contrast, the effects of 30 mM glucose were almost completely suppressed in AMPK CA-expressing cells (Fig. 1B, circles) .
The above experiments indicated that inhibition of AMPK activity is required for the stimulation of insulin secretion at elevated glucose concentrations. To determine whether inhibition of AMPK might be sufficient to stimulate insulin release, we next expressed a full-length, dominant-negative form of AMPK␣1 (AMPK DN), mutated at the ATP binding site (D157A). Expression of this construct substantially inhibits the increase in total AMPK activity elicited at 3 (versus 25) mM glucose in MIN6 cells (13) , an effect likely to be caused in part by the binding and sequestration of AMPK ␤-subunits with which both the ␣ and ␥ subunits usually interact (14) . Destabilization of the displaced ␣ and ␥ subunits then leads to a decrease in the levels of both AMPK ␣1 and ␣2, in both liver (36) and MIN6 cells (results not shown). Consistent with a previous report (13) , AMPK DN-overexpressing cells showed a slightly increased basal rate of insulin secretion at 3.0 mM glucose (Fig. 1B, triangles) , but an identical rate of release in the presence of 30 mM glucose (Fig. 1B) .
To explore the possible role of changes in AMPK activity in the regulation by glucose of vesicle movement (25) and the kinetics of exocytosis (29), we imposed changes in AMPK activity at low or high glucose concentrations and monitored the impact on the dynamics of single exocytotic events. We labeled insulin vesicles with the pH-insensitive yellow fluorescent protein variant, Venus (33) , fused to neuropeptide Y (NPY.Venus) to allow highly efficient targeting to dense core insulin secretory vesicles (29) . Under TIRF microscopy (30, 48) with an ultrahigh numerical aperture (NA ϭ 1.65) lens (40), expression of this construct provided bright fluorescence from individual vesicles (29) and thus permitted the acquisition of images with high time resolution (10 Hz; Fig. 2D) .
We counted the total number of NPY.Venus release events from cells expressing NPY.Venus together with empty plasmid (pcDNA3) or plasmids bearing AMPK CA or AMPK DN under cytomegalovirus promoter control during incubation with 3.0 and then 30 mM glucose (Fig. 1C) . Measured during a 2-min interval, NPY.Venus release events were not detectable under basal conditions (3.0 mM glucose) in either empty plasmid or AMPK CA-overexpressing cells (Fig. 1C, closed squares and  open circles) . By contrast, spontaneous release events were Cells were incubated with either 3.0 mM (white bars) or 17 mM glucose (black bars) for 60 min prior to extraction and assay (see "Experimental Procedures"). B, MIN6 cells were infected with adenoviruses encoding EGFP alone (Control), AMPK CA, or AMPK DN. Supernatants were collected every 2 min for 20 min during incubation initially at 3.0 mM and then 30 mM glucose in KRB. The amount of insulin released into the medium was measured by radioimmunoassay (see "Experimental Procedures"). Insulin release at each time point is expressed as the percentage of total cellular content, which was identical in each case (see "Results"). C, the number of NPY.Venus spot disappearance events was counted as fusion events per min and plotted against time (n ϭ 5 cells in each case). Data show mean values Ϯ S.E. The total insulin content of cells was identical under all conditions (per 300,000 cells: control ϭ 2.09 Ϯ 0.14 pmol, AMPK CA-infected ϭ 2.05 Ϯ 0.03 pmol; AMPK DN-infected ϭ 2.14 Ϯ 0.1 pmol).
detected in AMPK DN-overexpressing cells (Fig. 1C , open triangles) under basal (3.0 mM glucose) conditions. High glucose concentrations (30 mM) caused a marked increase in the number of NPY.Venus release events in both control and AMPK DN-overexpressing cells. However, NPY.Venus release events were not detected in the presence of 30 mM glucose in cells expressing AMPK CA (Fig. 1C, circles) . Together, these data indicate that expression of AMPK CA inhibits both the initial and sustained phases of insulin release from MIN6.
Effect of Overexpression of AMPK CA and AMPK DN on Vesicle Fusion-To determine whether AMPK CA overexpression decreased the rate at which an individual vesicle fused, thus causing a potential "bottleneck," which prevented subsequent fusion events, the dynamics of single vesicle docking, movement, and exocytosis were analyzed in single NPY.Venusexpressing vesicles near the plasma membrane. Although exocytotic events were detected much less frequently in AMPK CA-expressing cells than in cells transfected with empty vector or with AMPK DN (Fig. 1C) , the kinetics of individual fusion events were identical in each case. Thus, stimulation with high [glucose] caused NPY.Venus-containing spots to brighten and spread suddenly during the release of the fluorescent peptide (29) , with an identical time course in control ( Fig. 2A) , AMPK CA-overexpressing (Fig. 2B) , or AMPK DN-overexpressing (Fig. 2C ) cells. No difference was observed in the mean values for the rise time, half-widths (data not shown), or decay time of fluorescence intensity between control and AMPK CA-or AMPK DN-overexpressing cells (Fig. 2E) .
AMPK CA Overexpression Decreases the Number of Docked Vesicles on the Plasma Membrane-The above data and our previous report (13) indicate that AMPK CA inhibits glucoseinduced insulin secretion from MIN6 cells, without modifying the release kinetics of NPY.Venus. To determine whether AMPK CA inhibited vesicle transport to the plasma membrane, we counted the number of intracellular and plasma membraneassociated vesicles by TIRF and confocal microscopy, respectively (Fig. 3) . No difference was detected in the number of plasma membrane-docked vesicles in control and AMPK DNoverexpressing cells (Fig. 3, A and C) , nor in the total number of intracellular vesicles (Fig. 3, D and F) . However, AMPK CA significantly reduced the number of plasma membrane-docked vesicles (Fig. 3B) , without affecting the number of intracellular vesicles (Fig 3E) . Taken together, these data suggest that AMPK CA inhibits the recruitment of vesicles from the cytosol to the plasma membrane.
AMPK CA Inhibits Glucose-induced Movement of Dense Core Vesicles-To determine whether AMPK CA inhibits the vesicle movement stimulated by high glucose (30 mM) or high KCl (50 mM), MIN6 cells were imaged first by TIRF microscopy to analyze vesicle movement beneath the plasma membrane. We plotted the x and y coordinates of vesicles, which existed near the plasma membrane, at 30 mM glucose (Fig. 4, A and B) . Under these conditions, the motion of the vesicles was essentially random. For analysis, we measured the square of the distance traveled by a vesicle during various time intervals and calculated the diffusion coefficient against the unit time (Fig.  4C) . The diffusion coefficient values in glucose and high KClstimulated control cells were 3.6 Ϯ 0.35 ϫ 10 Ϫ4 m 2 /s (n ϭ 5 cells) and 3.9 Ϯ 0.41 ϫ 10 Ϫ4 m 2 /s (n ϭ 5 cells), respectively.
These values are similar to previous observations of dense core vesicle movement in adrenal chromaffin cells (47) . Overexpression of AMPK CA significantly inhibited basal, glucose, and high KCl-induced vesicle movement (for glucose, 2.0 Ϯ 0.29 ϫ 10 Ϫ4 m 2 /s; n ϭ 5 cells, 2.3 Ϯ 0.32 ϫ 10 Ϫ4 m 2 /s; n ϭ 5 cells). Because higher levels of AMPK activity might potentially be achieved in single cells after expression of AMPK CA from a plasmid than after infection of cells with adenoviral AMPK CA (Fig. 1A) , we repeated these experiments in cells infected with adenovirus to express AMPK CA. To allow vesicle imaging in the presence of EGFP expressed from the viral genome, infected cells were subsequently transfected with a plasmid encoding a vesicle-targeted version of monomeric red fluorescent protein (NPY.mRFP). Overexpressed NPY.mRFP correctly targeted to insulin containing vesicles, and the diffusion coefficients of these vesicles were not significantly different from those of NPY.Venus-expressing vesicles in the presence of 3 or 30 mM glucose (data not shown). Infection of AMPK CA significantly inhibited basal, glucose, and high KCl-induced NPY.m-RFP vesicle movement (2.4 Ϯ 0.28 ϫ 10 Ϫ4 m 2 /s; n ϭ 6 cells for 30 mM glucose, 2.6 Ϯ 0.33 ϫ 10 Ϫ4 m 2 /s; n ϭ 6 cells for high KCl). These values are thus similar to the above observations made using NPY.Venus, and AMPK CA expressed from a plasmid (Fig. 4C) .
To determine whether the effects of AMPK CA might largely reflect changes in gene expression, or more acute phosphorylation events, we treated cells with the pharmacological AMPK activator, AICAR, and observed the effects on vesicle movement by TIRF microscopy. Application of 250 M AICAR significantly inhibited both basal, glucose, and high KCl-induced NPY.Venus vesicle movement (2.5 Ϯ 0.32 ϫ 10 Ϫ4 m 2 /s; n ϭ 6 cells for 30 mM glucose, 2.6 Ϯ 0.37 ϫ 10 Ϫ4 m 2 /s; n ϭ 6 cells for high KCl) (Fig. 4C) .
We next observed the movements of vesicles located in the cell cytosol using confocal microscopy (Fig. 4, D and E) . Again, secretory vesicles showed random motion using this approach. However, some of the vesicles showed very rapid movement in comparison with plasma membrane-associated vesicles. In this case, the maximum velocity reached 1.5 m/s, such that the basal diffusion coefficient value was increased to 6.7 Ϯ 0.39 ϫ 10 Ϫ4 m 2 /s (n ϭ 6 cells). (Fig. 4F) . These data are consistent with our previous reports (25, 26) . In contrast, overexpression of AMPK CA and application of 250 M AICAR inhibited both basal movement of vesicles, and the increment induced by either high [glucose] or [KCl] (Fig. 4F) . Furthermore, infection of AMPK CA significantly inhibited both basal, glucose, and high KCl-induced NPY.mRFP vesicle movement (3.7 Ϯ 0.45 ϫ 10 Ϫ4 m 2 /s; n ϭ 6 cells for 30 mM glucose, 3.9 Ϯ 0.48 ϫ 10 Ϫ4 m 2 /s; n ϭ 6 cells for high KCl).
We next measured the secretion of insulin in response to high KCl in cells expressing AMPK CA. Under these conditions, the diffusion coefficient was markedly reduced (Fig. 4, C  and F) . However, overexpression of AMPK CA had no impact on high KCl-induced insulin secretion (Fig. 4G) . These data suggest that the suppression of vesicle movement is relatively less important than access of vesicles to the plasma membrane.
Actin Disassembly Potentiates Glucose-induced NPY.Venus Release and Is Suppressed by AMPK CA-To explore the possibility that AMPK CA overexpression may inhibit vesicle recruitment and hence insulin secretion by altering the structure of the microtubule or microfilament networks, we next observed the effect of jasplakinolide or latrunculin B on NPY.Venus-containing vesicle movement and release events. By stabilizing the actin filament network (49) (Fig. 5B, right) , jasplakinolide treatment was expected to reveal any role for the latter network in the control of vesicle movement and fusion at the plasma membrane. Cells were treated with 5 M jasplakinolide for 5 min, and then immediately imaged in the presence of the drug. Unexpectedly, this drug completely blocked vesicle movement (Fig. 5, B and D) and glucose-induced NPY.Venus release events (Fig. 5E, open circles) .
Latrunculin B decreases the amount of polymerized actin (Fig. 5C, right) , and is therefore expected to inhibit actin-dependent vesicle movement, while facilitating movements of vesicles that are independent of microfilaments. Treatment with 10 M latrunculin B for 5 min significantly inhibited vesicle movement (Fig. 5, C and D) . However, the drug significantly increased glucose-induced NPY.Venus release events (Fig. 5E, open triangles) . These data therefore suggest that the observed release events result principally from the fusion of vesicles already docked at the plasma.
As previously reported (50) , culture at elevated glucose concentrations had marked effects on the structure of the actin filament network in MIN6 cells. After culture for 24 h at 3.0 mM glucose, the cells displayed a clear cortical ring of F-actin beneath the plasma membrane (Fig. 6B, i-iii) . Stimulation of cells for 10 min with 30 mM glucose reduced the amount of cortical actin labeling in control (Fig. 6B, iv) and AMPK DNoverexpressing cells (Fig. 6B, vi) . By contrast, cortical actin disassembly in response to 30 mM glucose was not observed in AMPK CA-overexpressing cells (Fig. 6B, v) . However, 30 mM glucose stimulation had no effect on tubulin structure under any condition examined (Fig. 6A) .
The above results indicated that actin filament rearrangements occur in response to 30 mM glucose and are important for the stimulation of insulin release by the sugar. Cortical actin disassembly occurs in a Ca 2ϩ concentration-dependent manner and is mediated by F-actin severing proteins such as scinderin or gelsolin (51) (52) (53) . Our previous observations showed that AMPK CA inhibits glucose-induced ATP synthesis and Ca 2ϩ influx (13) . To determine whether AMPK CA inhibited F-actin disassembly as a result of the blockade of Ca 2ϩ influx, or via a more direct mechanism, we incubated MIN6 cells with the K ATP channel opener diazoxide (100 M), which blocks Ca 2ϩ influx, under basal (3 mM glucose) or stimulatory conditions (30 mM glucose) for 10 min, and observed changes in F-actin structure. As expected, diazoxide prevented the reduction of cortical actin staining by 30 mM glucose (Fig. 6B, vii-ix) . In contrast, application of the K ATP channel inhibitor tolbutamide (100 M), which enhances Ca 2ϩ influx, completely disrupted cortical actin staining under each of the experimental conditions tested (data not shown). Furthermore, stimulation of Ca 2ϩ influx with high [KCl] (50 mM) caused disassembly of cortical actin staining in all experimental conditions (Fig. 6B, x-xii) . These data suggest that AMPK CA-induced F-actin stabilization, resulting from decreased Ca 2ϩ influx (13) may contribute to the inhibition of glucose-induced insulin secretion seen in AMPK CAoverexpressing cells. Conversely, inhibition of AMPK activity at 3 mM glucose with AMPK DN (Fig. 6B, iii and ix) was ineffective in causing cortical actin network disruption, compatible with the absence of any effect of this construct on glucose-induced Ca 2ϩ fluxes (13) . AMPK CA Inhibits Ca 2ϩ -evoked Insulin Secretion in Digitonin-permeabilized Cells-To bypass the effects of AMPK CA on glucose metabolism and ATP synthesis, and the consequent inhibition of Ca 2ϩ influx (13), we examined the effect of AMPK CA or DN expression on Ca 2ϩ -evoked insulin secretion in digitonin-permeabilized MIN6 cells. Treatment with this detergent renders the plasma membrane permeant to all molecules of M r Յ 1 kDa, whereas the cells' protein complement, including AMPK CA or DN, remained in the cytosol, as revealed by immunocytochemical analysis for the anti-c-myc epitopes present in each of the latter constructs (data not shown). Ca 2ϩ (1 M versus Ͻ 1 nM) stimulated insulin secretion by ϳ 40% in null adenovirus-infected cells (Fig. 7A) , and this effect was com- pletely inhibited by expression of AMPK CA (Fig. 7A) . By contrast, AMPK DN overexpression substantially increased basal, Ca 2ϩ -independent secretion (Fig. 7A) , consistent with previous findings in intact cells (13) .
We next counted the number of the Ca 2ϩ -evoked NPY.Venus release events in permeabilized cells. After permeabilization in the presence of 5 mM ATP, approximately 40 vesicles/cell were still docked at the plasma membrane and these vesicles retained the ability to undergo Ca 2ϩ -dependent exocytosis. After applying 1 M [Ca 2ϩ ] to the cells for 10 min, ϳ9% of all secretory vesicles went through exocytosis in control cells. In contrast, AMPK CA-overexpressing cells displayed significantly inhibited Ca 2ϩ -evoked NPY.Venus release in comparison with AMPK DN-overexpressing cells (Fig. 7B) . Taken together, these data indicate that the inhibition of glucose-induced insulin secretion (Fig. 7A ) and vesicle movement (Fig. 7B) by AMPK CA is not caused solely by the impairment of Ca 2ϩ influx or ATP synthesis.
Overexpression of AMPK CA Inhibits MgATP-dependent Vesicle Movement in Permeabilized Cells-Vesicle movement and vesicle docking require MgATP (26, 45, 54) . Because expression of AMPK CA inhibits mitochondrial ATP synthesis in intact ␤-cells (13), we sought to determine whether AMPK CA may also exert a direct effect on vesicle movement, independent of ATP supply, by using digitonin-permeabilized cells. These experiments were performed first using TIRF microscopy to monitor the movement of vesicles immediately beneath the plasma membrane. In the complete absence of added ATP, no vesicle movements could be detected under any of the experimental conditions (Fig. 8D) . Increasing the MgATP concentration from 0 to 0.3 mM (Fig. 8D) significantly increased the diffusion coefficient of vesicles in control, AMPK CA-overexpressing, or AMPK DN-overexpressing cells. However, vesicle movement was significantly inhibited in cells overexpressing AMPK CA compared with control cells. In the presence of 1.0 mM MgATP, which corresponds to the resting cytosolic free ATP concentration in MIN6 cells (1) , the movement of vesicles was further increased (Fig. 8, A-C (Fig. 8D) .
Imaged with the Nipkow disc confocal microscope to allow the behavior of vesicles more distant from the plasma membrane to be recorded, the effects of AMPK CA on MgATP-dependent movement were similar but more marked than those recorded by TIRF imaging, being significant in this case at all MgATP concentrations tested (Fig. 8H ).
DISCUSSION
Role of AMPK in the Control of Exocytosis of Docked Insulin-
containing Vesicles-Extending previous findings in which the impact of activating AMPK either with the pharmacological agent AICAR (17) or constitutively active AMPK␣ (23), we show here that AMPK CA and AICAR block both the first and sustained phases of insulin secretion from MIN6 ␤-cells (26) . By contrast, inhibition of AMPK activity at low glucose concentrations, achieved using a dominant-negative acting form of the enzyme (AMPK DN), stimulated insulin release (Fig. 1) . The latter observation, which is consistent with previous findings (13) , suggests that the presence of active AMPK contributes to the inhibition of insulin release at low glucose concentrations.
By using two distinct imaging approaches, namely TIRF and Nipkow disc confocal microscopy, we aimed here to determine whether these effects reflect (a) an inhibition of the fusion of secretory vesicles already present at the plasma membrane (TIRF) or (b) a deficiency in the recruitment of the vesicles to the membrane from a "reserve pool" located deeper in the cell (confocal). Moreover, by using permeabilized as well as intact cells, we also sought to distinguish between effects secondary to the action of AMPK CA on glucose metabolism and Ca 2ϩ fluxes (13) , and more direct effects, which may involve the phosphorylation of motor proteins or other modulators of vesicle movement.
The expression of constitutively active AMPK had differing effects on the behavior of dense core secretory vesicles viewed by TIRF versus confocal imaging (see below). This observation suggests that the effects of overexpressing active AMPK are unlikely to be mediated purely by the inhibition of glucoseinduced ATP synthesis under these conditions (13, 56) , in which case similar effects on each vesicle pool might have been anticipated. Analyzed by TIRF microscopy, AMPK CA expres- sion dramatically decreased the number of glucose-induced NPY.Venus release events (Fig. 1B) and the number of plasma membrane-docked vesicles (Fig. 3G) , whereas there was no detectable effect of either construct on the kinetics of individual exocytotic events (Fig. 2, D and E) . The latter result suggests that AMPK-dependent phosphorylation of members of the soluble N-ethylmaleimide-sensitive factor activating protein receptor family (57, 58) , or of other regulators of the exocytotic process (29, 59) , is unlikely to play a role in the regulation of vesicle fusion in ␤-cells. Moreover, these data also suggest that changes in the lipid composition of either the vesicle or plasma membranes (60) , which may result from the inhibition of fatty acid synthesis by AMPK (61), have little impact on the kinetics of vesicle fusion. On the other hand, such changes may be involved in the regulation of binding to vesicles of motor proteins, which are responsible for vesicle transport (see below).
Interestingly, overexpression of AMPK CA inhibited the collapse of the cortical actin network at high glucose concentrations (Fig. 6) , an effect most likely caused by the suppression of Ca 2ϩ influx under these conditions. Thus, AMPK CA had no effect on this network when Ca 2ϩ influx was stimulated by depolarization with KCl, whereas treatment of cells with 30 mM glucose in the presence of diazoxide, conditions under which AMPK activity is decreased (13), failed to cause cortical actin network depolymerization. Together, these observations indicate that phosphorylation of regulators of the network including scinderin or gelsolin, which bears a consensus AMPK phosphorylation site (18, 61) at Ser-600 (PubMed accession no. NP_000169.1), is unlikely to play a direct role in the regulation of the actin filament network in response to glucose.
Role of AMPK in the Control of Vesicle Movement and Recruitment-Although the first phase of insulin secretion (9) is believed to be dependent largely upon the closure of ATPsensitive K ϩ channels (62) and Ca 2ϩ influx (4, 5) , the physical recruitment of vesicles from a "reserve" to a "readily releasable" pool at the plasma membrane may contribute to the sustained phase of insulin secretion (26) .
We show here that the diffusion coefficient of NPY.Venuslabeled dense core vesicles located in the cytosol was significantly higher (approximately 2-fold) than vesicles located near to the plasma membrane (Fig. 4, D and H) , suggesting that the movement of vesicles in these two regions of the cell may be mediated by distinct motors and/or tethering mechanisms. Expression of AMPK CA inhibited movement of vesicles imaged both in the cytosol (confocal images) and immediately beneath the plasma membrane (TIRF images), to an extent that exceeded the impact of incubation at 3.0 mM glucose (Fig. 4) . Because AMPK CA exerts no significant effect on intracellular free Ca 2ϩ or ATP concentrations at this glucose concentration (13), these observations suggest that AMPK may directly phosphorylate a target that lies downstream to these messengers. Although the identity of the target(s) must remain speculative, it might be noted that expression of a dominant-negative form of conventional kinesin (kinesin I) heavy chain in MIN6 cells (26) , or the silencing of kinesin I with small interfering RNAs 2 completely blocks all vesicle movement apparent by Nipkow disk confocal microscopy, indicating that this motor protein is essential for vesicle movements in the cytosol of MIN6 cells. Nevertheless, the disruption of the F-actin network by jasplakinolide or latrunculin B significantly inhibited vesicle movement beneath the plasma membrane under the TIRF microscope (Fig. 5) , indicating that myosin, trafficking and distribution of which may conceivably be altered after the disruption of kinesin function, could be essential for vesicle movement beneath the plasma membrane in MIN6 cells. Supporting this view, application of the actin depolymerizing agent, latrunculin B, significantly potentiated glucose-induced insulin secretion (Fig. 5) , consistent with previous data in catecholamine-releasing chromaffin cells (45, 51) and insulinsecreting MIN6 cells (50) . Taken together, these data suggest that glucose triggers insulin secretion in part by inducing actin depolymerization (63) , whereas vesicle transport from deeper in the cytosol to the plasma membrane may be mediated by kinesin I (26) . Both of these processes appear to require the inhibition of AMPK by high glucose concentrations, as demonstrated by the effects of AMPK CA overexpression under these conditions. However, it should be stressed that the absence of any effect of AMPK DN at low glucose concentrations indicates that other, AMPK-independent actions must also be involved in the response to glucose (13) .
Capacitance measurements made during the release of caged ATP (64) , as well as studies with permeabilized cells (65) , indicate that Ca 2ϩ -induced insulin secretion is highly dependent on cytoplasmic ATP. Furthermore, vesicle movement requires the hydrolysis of ATP (26, 45) . Given the inhibitory effect of AMPK activation in ␤-cells on ATP synthesis, Ca 2ϩ influx (13) , and cortical actin network remodeling (Fig. 6) , we therefore explored the impact of AMPK CA expression on vesicle movements in digitonin-permeabilized MIN6 cells over a range of clamped MgATP concentrations (Fig. 8) . Importantly, application of saturating concentrations of MgATP to the cells did not fully rescue the AMPK CA-induced inhibition of vesicle movement, imaged by confocal microscopy (Fig. 8H) . Similarly, analyzed by TIRF microscopy, AMPK CA caused a marked decrease in the mobility of NPY.Venus-tagged vesicles located just beneath the plasma membrane (Fig. 8D) , although the most marked effects were apparent at subsaturating concentrations of MgATP (Fig. 8D) . From the results obtained in intact cells (Fig. 6) , it would seem unlikely that the effects of AMPK CA in permeabilized cells, where Ca 2ϩ concentrations were clamped (Fig. 8) , are mediated by changes in tubulin or the actin filament network structure. Instead, the simplest explanation of the observations shown in Fig. 8 behaviors, and response to glucose and AMPK CA, of vesicles at the cell surface and deeper within the cell cytosol (Fig. 4) , it is conceivable that different targets may be involved in regulating the movements of vesicles in these two regions of the cell. As shown in Table I , consensus phosphorylation sites for AMPK are conserved on the light and heavy chains of kinesin I, as well as myosin light chain, from human, mouse, and rat. Future studies will be required to determine whether the direct phosphorylation of motor proteins, or changes in membrane lipid composition that affect the recruitment of these or other regulatory proteins (GTP-binding proteins, protein kinase C, etc.), underlie the effects of active AMPK on vesicle movement in ␤-cells, and potentially in other secretory and neurosecretory cell types.
